Line shape narrowing in carbon dioxide at high pressures 
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The description of the narrowing effect at high pressures 
is demonstrated on the example of C02-He absorption for 
Q-, P-, and R-branches and for the head of the R-branch. 
The problem is focused on the physical meaning of this phe- 
nomenon that should be associated with the angular and 
translation momentum transfer to matter from the photon 
absorbed. The effect is described in the approximation of the 
single line without the conventional line mixing. A narrowing 
function is introduced that links the absorption in the reso- 
nance region with the one in far wings. This function enlarges 
the absorption of a single line approximately in two times in 
the resonance region at high pressures and decreases the one 
approximately in 20 times in far wings in comparison with the 
Lorentzian, independently of the type of molecule and pres- 
sures. The halfwidth of a single line is assumed to have a 
nonlinear pressure dependence and approaches to a saturated 
value at high pressures. 

PACS numbers: 33.70.Jg, 33.20.Ea 



I. INTRODUCTION 

The present paper is devoted to the line shape narrow- 
ing or the so-called " line mixing effect" non less puzzling 
phenomenon of line shapes theories than the intriguing 
problem of extreme wings [1,2]. The narrowing of the 
absorption line shape for high enough pressures leads to 
the evident super-Lorentzian absorption near band cen- 
ters and this effect had been first reported by Bloember- 
gen, Purcell, and Pound [3] more than 50 years ago. At 
present, this phenomenon is known for many molecules, 
bands, in many spectral regions and has many appli- 
cations (see, e.g., reviews by Levy et al. [4] and by 
Spankuch [5]). Near the band head, this effect had been 
observed by Grigor'ev et al. [6] for the band Bv^ of CO2. 
The recent experiments and modelings of the line mixing 
for various bands and branches may be found in Refs. [7- 
10]. The above-mentioned papers [6-10] as well as ideas, 
experimental facts, and observations from Refs. [11, 12] 
are directly used in the present studies. The simplicity 
of computations that has underlined the importance of 
application of the line mixing in atmospheric studies had 
been pronounced in Refs. [11, 13, 14]. 

This paper continues our line shape exploration efforts 
devoted to investigations of CO2 absorption in far wings 
and main results had been first announced on the Sympo- 
sium IRS-2000 [15]. These studies are based on new the- 
oretical ideas that are nearly to Ref. [16] and especially 
to Ref. [17] and they are aimed to characterize the ab- 



sorption line shape in resonance and far wing regions by 
some common principles. The problem numerates many 
approaches for its decision with many ideas and we do 
not pretend to accomplish a comprehensive study of this 
question and even to outline some appreciable part of the 
pertinent works in these regions. 



II. GENERAL PRINCIPLES AND THE LINE 
SHAPE 

There is a conventionally established opinion that the 
Lorentz's contour cannot describe actual molecular spec- 
tra. However, it seems that the problem is not so lucid. 
The matter comprises molecules that, in turn, are asso- 
ciated with many cavities in the form of two-level sys- 
tems and any photon propagated within the matter feels 
these cavities, i.e., there is a probability that this photon 
will be captured by any of them. The latter means that 
any photon being in the vicinity of a molecule of inter- 
est with any frequency has a probability to interact with 
any cavity of this molecule, independently of the tuning 
wavenumber. 

As a rule, the dispersion (Lorentzian) line shape was 
used to derive description of this interaction by methods 
of the wave mechanics. In fact, no contour other than 
the Lorentzian had been employed in the overwhelming 
majority of theories. For example, even the so-called 
Rozenkranz's line shape [18] that is a basic approach for 
many sophisticated theories and techniques is not some- 
thing else as the modified dispersion profile. Our re- 
sent results can encourage this idea, since the Lorentzian 
priority may cause the original description of the sub- 
Lorentzian properties of CO2 absorption [15]. The ex- 
clusion may be the statistical line shape that uses ideas 
of the quantum theory, where the photon energy emitted 
or absorbed corresponds to the difference between two 
energy levels being in the statistically changing field of 
other particles [19]. However, the statistical line shape 
that is fruitful for description of the line wing broadening 
in plasmas, nevertheless, does not exclude the Lorentzian 
in the core part [20] as well. 

The photon interaction with a two-level system can 
lead to the photon absorption, if the momentum and 
angular momentum have been conserved. However, the 
photon cannot interact with a molecule or molecules in- 
finitely, because there is a need of time to transfer the 
momentum and angular momentum from photon to the 
molecule, because every molecule has the inertia that is 
determined by the mass or the inertia momentum. This 



means that an act of absorption or emission begins, if 
the system is in a determined stationary state not in an 
intermediate position, and some time is needed in order 
the system due to its inertia can change its stationary 
states. This interpretation completely corresponds to the 
main principles of the quantum mechanics. A period of 
the angular and translation momentum transfer restricts 
the duration of the absorption by some minimal value, 
therefore the lifetime of the exited state to reckon in the 
conventional approaches is also not less than some mini- 
mal value. 

The relaxation time Trot of the excited rotational state 
i into a lower state j or the lifetime of the excited rota- 
tional state i in presence of the lower state j is on average 
determined as 
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where c is the light velocity (cm/c) and 7^^^ is the 
halfwidth (cm^^) of the rotational line ij . Let us omit 
the superscripts in Eq. (2.1) in further. On average, the 
rotational angular momentum transfer time cannot be 
shorter than some limits that are determined as recipro- 
cal separation between rotational lines. 
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where the saturation halfwidth 7^^^ ~ Awrot, and Acj^ot 
is this mean separation. The similar relationships must 
be for the translation momentum transfer time 
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where 7^,^^ and /^.ujyn, should be regarded as the halfwidth 
of the selected vibrational band and the separation be- 
tween bands, respectively. Our assumption consists of 
that the minimal duration of the rotational or vibrational 
relaxation is related to the conservation laws of the an- 
gular or translation momentum, respectively. 

The finitely collision duration hypothesis [19, 21] is dis- 
tinguished from our assumption. It was used to be fruit- 
ful for explanation of the line mixing [22] in CO2 and 
the wing absorption in H2O [23]. However, this idea may 
find objections from the point of view of collision and 
statistical theories [19, 20]. The main reason is that the 
impact approximation (infinitesimal collisions) describes 
good the line shape nearly resonances, where transitions 
are caused by slow molecules, i.e., with finitely collision 
time, but this approximation is lame in wings that must 
be reasoned by rapid collisions, i.e., with the infinitesi- 
mal collision time. While according to the finitely colli- 
sion duration, the effect could be inverse. Though these 
objections have a paradoxical character, indeed, they are 
serious because the collision duration mostly relies on 
the relative velocity of molecules not their internal prop- 
erties. 

The paradox may be removed by the fact that the du- 
ration of the photon interaction differs from the collision 
time and the hypothesis in our edition means that there is 



a minimum limit of time of the photon interaction with a 
molecule. The angular or translation momentum trans- 
fer from photon to the molecule or vice versa must be 
occurred during this time that because of the molecule 
inertia cannot on average be less than the minimum limit. 
Note that for the determination of the separation be- 
tween lines or bands in CO2 molecule, the forbidden tran- 
sitions must not be formally taken into account. These 
mean they do not change the number of channels that 
could be appropriate for the momentum transfer. Cer- 
tainly, the pressure-induced absorption is here ignored. 
The appearance of the supplement resolved lines (e.g., ro- 
tational lines in Q- branches of the perpendicular bands 
in CO2) enlarges the transfer time minimal limit under 
the channels of interest. The supplement lines effect the 
narrowing of the line shape that formally approves the 
name of the "line mixing" in Q-branches. Comparing 
the different branch, thereby one may conclude that weak 
lines between strong lines decrease the transfer time limit 
and strong lines increase this limit. The transfer time 
limit determined by the far lines always should not be 
greater than those done by adjacent lines. The role of 
the adjacent lines always should be more significant than 
" interaction" between far lines and, as one can see in Sec- 
tion V, the adjacent lines mostly determined the effect of 
narrowing of the lines in bands at high pressures. 



III. PRESSURE-DEPENDENT LINE 
HALFWIDTH 

There is a well established empirical fact that the line 
shape of a single line is described by the Voigt contour 
at any pressures of interest and adjustments of the line 
parameters stored in databases are practically carried out 
by this profile. The collision halfwidth of a single line 
strongly depends on pressure (Fig. 1). The database 
contains the values of ^atm that equals to 7 (p) — 70 (Fig. 
1) at p equal to 1 atm. The halfwiths at other pressures 
7 [p) is as a rule determined by the linear law including 
high pressures, where experimental evaluation is difficult. 

The part of the curve for small and moderate pressure 
less than, e.g., pl is presented in Fig. 1, following Ref. 
[24]. We believe that the Lorcntzian should be a basic 
contour of the line shape generated in this paper. Let us 
assume that the halfwidth of the Lorentzian at high pres- 
sures is deviated from being linear on pressure (Fig. 1) 
and approaching to the saturation value not being greater 
than some value proportional to the parameter 7*^^ (2.2). 
Therefore, it reaches the saturation at some critical pres- 
sure ps as one sees in Fig. 1. Because of line overlapping, 
it is impossible to measure this halfwidth at high pres- 
sures and, thereby, to extrapolate the Voigt line shape on 
high pressures. In order to verify this hypothesis, two es- 
timations of the CO2 absorption in mixtures with helium 
have been made at the critical density ps = 135.8 atm 
(Fig. 2a) and p = 657.1 atm (Fig. 2b). The Lorcntzian 



form somewhat enlarges the chip time. As it is shown in 
Fig. 7, this form may be ignored for computations in the 
central region, e.g., in the Q-branches. In general, this 
approach should be useful, first of all, for atmospheric 
applications. Further parametrization of the narrowing 
function must be fulfilled for moderate pressures. This 
means that the detailed dependence of the halfwidth on 
pressure (Fig. 1) must be stipulated. 

The studies of this paper help us to exhibit main prob- 
lems of the line shape in the closed logical scheme as fol- 
lows. The line shape is broadened in the electromagnetic 
fields, so that the absorption coefficient k is described 
by the relation /c ~ 1/ (^Slj^ + 7^ + rjl), where Sco is the 
detuning wavenumber, 7 is the Lorentz's halfwidth, / is 
the radiation intensity with the proportionality constant 
rj. This relationship gets an origin from Ref. [34] and 
it presents the nonlinear absorption near the resonance 
region [25]. It is conventionally deemed as a formula that 
cannot describe the absorption in far wings. However, the 
expansion of this expression for far wings over the small 
third term in the denominator at small intensities can 
lead to the nonlinear absorption equation [16,17], if this 
expression is substituted for the k in the Beer-Lambert 
law and the term of the second power of / is omitted. 
The latter can be done, in our opinion, according to the 
causality principle [16,17]. Some observed features of the 
far wing absorption had been obtained [16,17,15] with 
the help of this nonlinear absorption. Thus, the nonlin- 
ear absorption as in the resonance region [34,25] as in the 
far wings [16,17] should have the same origin. 

Also, the same technique for deriving the nonlinear 
constants should be occurred in both these regions. The 
rise of the so-called " collapse" of the wave function, the 
main paradox of the quantum mechanics [36] , had been 
excluded in Refs. [16,17] via its compensation by the 
absorption (chaos) . The appearance of the photon fluc- 
tuations associated with two-level systems [15] in the res- 
onance region for the period, when the system changes 
stationary states, may be also associated with this "col- 
lapse" of two coherent photons and the increase of the 
absorption in two times in the resonance region may be 
formally considered in a linear theory as the compensa- 
tion of this "collapse" effect. 

The present remarks into the line shape theory should 
be attractive for a few reasons. Firstly, it agrees with the 
local photon fluctuation of flve photons associated with 
a two- level system (used in Ref. [15] for far wing calcula- 
tions). Secondly, there is a hope that old Einstein's hy- 
pothesis of the induced emission in the two-level system 
that requires consideration, at least, two photons in one 
act of the absorption/emission should be properly inter- 
preted. Also, the problems of the interaction of radiation 
with matter, not only intermolecular interactions, have 
been highlighted as important in the line shape theory. 
The latter underlines a close connection of the absorp- 
tion as in resonance regions as in wings with the classical 
impact theory by Lorentz, Lenz, and Weisskopf [19]. Still 
one question should be interesting. How means the tech- 



nique of the density matrix could incorporate the local 
photon fluctuations or some radical changes should be 
required, if the present ideas will be admitted in the line 
shape theory? 
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